Genetic relationships among 62 Vibrio vulnificus strains of different geographical and host origins were analyzed by multilocus enzyme electrophoresis (MLEE), random amplification of polymorphic DNA (RAPD), and sequence analyses of the recA and glnA genes. Out of 15 genetic loci analyzed by MLEE, 11 were polymorphic. Cluster analysis identified 43 distinct electrophoretic types (ETs) separating the V. vulnificus population into two divisions (divisions ⌱ and ⌱⌱). One ET (ET 35) included all indole-negative isolates from diseased eels worldwide (biotype 2). A second ET (ET 2) marked all of the strains from Israel isolated from patients who handled St. Peter's fish (biotype 3). RAPD analysis of the 62 V. vulnificus isolates identified 26 different profiles separated into two divisions as well. In general, this subdivision was comparable (but not identical) to that observed by MLEE. Phylogenetic analysis of 543 bp of the recA gene and of 402 bp of the glnA gene also separated the V. vulnificus population into two major divisions in a manner similar to that by MLEE and RAPD. Sequence data again indicated the overall subdivision of the V. vulnificus population into different biotypes. In particular, indole-negative eel-pathogenic isolates (biotype 2) on one hand and the Israeli isolates (biotype 3) on the other tended to cluster together in both gene trees. None of the methods showed an association between distinct clones and human clinical manifestations. Furthermore, except for the Israeli strains, only minor clusters comprising geographically related isolates were observed. In conclusion, all three approaches (MLEE, RAPD, and DNA sequencing) generated comparable but not always equivalent results. The significance of the two divisions (divisions ⌱ and ⌱⌱) still remains to be clarified, and a reevaluation of the definition of the biotypes is also needed.
for both humans and eels, typically have a negative indole reaction, and are characterized by a homogeneous lipopolysaccharide (LPS) O antigen (3, 8) . This subdivision has been reinforced by several genetic assays, which showed that, in contrast to biotype 1 organisms, biotype 2 strains are genetically homogeneous and harbor high-molecular-weight plasmids (8, 9) . Several studies have documented the emergence of a few atypical strains, which are apparently pathogenic for eels but have a positive indole reaction and a different genotype than indole-negative eel-pathogenic strains (2, 8) . Other atypical isolates include a few indole-negative strains isolated from the environment and from a human wound infection, not from diseased eels (8) . The existence of atypical isolates, including indole-positive strains isolated from diseased eels, has led to the suggestion to replace the designation biotype 2 by serovar E (8) . Serovar E is a homogeneous LPS O serogroup to which have been assigned all former biotype 2 strains as well as the atypical strains, on the basis of the serological characteristics of their LPS side chains, reacting with specific antisera against biotype 2 strains E22 and NCIMB 2137 (8) . The high-molecular-weight portion of their LPS O side chains seems to protect serovar E isolates against the bactericidal action of the eel serum complement (1, 18) .
Recently, a third V. vulnificus variant has been found in Israel (called biotype 3 by Bisharat et al. 10) . The organisms were isolated from patients who handled St. Peter's fish (Tilapia spp.).
Classification methods used in the past have been insufficient to reveal the phylogenetic relationships between the three V. vulnificus variants and to measure the genetic distances separating them. To achieve this and to obtain the best possible evaluation of the V. vulnificus population structure, we used three different molecular methods: multilocus enzyme electrophoresis (MLEE) (26) , random amplification of polymorphic DNA (RAPD) (28) , and sequence typing of two genes, recA and glnA. The recA gene encodes RecA, a protein involved in homologous recombination, DNA repair, and the SOS response (21) . The glnA gene encodes a glutamine synthetase, an enzyme involved in nitrogen metabolism and ammonia assimilation in eukaryotes as well as in prokaryotes (17) . This study is the first to analyze the V. vulnificus population structure based on the comparative use of a variety of population genetic methods.
MATERIALS AND METHODS
Bacterial strains. Sixty-two V. vulnificus strains originating from different countries (Denmark, Israel, Spain, and the United States), as well as a Vibrio diazotrophicus strain and a Listonella anguillarum strain, were studied ( Table 1) . The latter two species were added as outgroups to allow the tree rooting in the phylogenetic analysis based on gene sequencing. This collection comprised clinical and environmental isolates as well as isolates from healthy and diseased eels. The indole reaction was verified by a standard method.
Culture conditions and specimen storage. Strains were grown on enriched Columbia blood agar plates. Cultures were incubated for 24 h at 25°C under atmospheric conditions. Bacteria were harvested, suspended in skim milk (Difco Laboratories, Detroit, Mich.), and stored at Ϫ80°C.
Enzyme extraction. For the MLEE analysis, bacteria grown on two plates were harvested in 1.5 ml of buffer solution (10 mM Tris, 1 mM EDTA, 0.5 mM NADP [pH 6.8]). The enzyme extraction was performed as described by Boerlin and Piffaretti (11) with slight modifications.
Enzyme electrophoresis. Bacterial lysates were thawed and subjected to gel electrophoresis under nondenaturing conditions in 10% starch gels (Connaught Laboratories; Fisher Scientific, Nepean, Ontario, Canada) as described by Selander et al. (26) . Of 28 different enzymes tested with different electrophoretic buffers, 15 could be reliably used: nucleoside phosphorylase, catalase (CAT), serine-methionine peptidase, phenylalanine-proline peptidase (FP), and phosphogluconate dehydrogenase with buffer system F (Tris-maleate, pH 8.2); glucose 6-phosphate dehydrogenase, malate dehydrogenase, phosphoglucose isomerase, and isocitrate dehydrogenase with buffer system G (potassium phosphate, pH 6.7 and 7); indophenol oxidase (IPO), glyceraldehyde-phosphate dehydrogenase (GP1), and glutamic-pyruvic transaminase with buffer system E (Tris maleate, pH 7.4); and malic enzyme (ME), threonine dehydrogenase (THD), and alanine dehydrogenase with buffer system A (Tris-citrate, pH 8).
Enzyme staining was performed as described by Selander et al. (26) . Specific staining procedures for CAT were performed by the method of Harris and Hopkinson (16) .
DNA extraction. A few bacterial colonies were suspended in 500 l of sterile water. DNA for PCR was extracted by using a commercial ion-exchange resin (InstaGene matrix; Bio-Rad Laboratories, Richmond, Calif.) according to the manufacturer's instructions.
For RAPD, colony suspensions were heated to 98°C for 10 min, and after centrifugation (12,000 ϫ g for 10 min), 1 l of the supernatant was further diluted in 100 l of sterile water.
RAPD analysis. RAPD was performed according to the protocol of Aznar et al. (4) , with slight modifications.
PCR and sequencing reactions. PCR was performed with 5 l of the DNA extract, a 0.5 M concentration of each primer, and 1 U of Taq polymerase (Boehringer Mannheim, Germany) in a total reaction volume of 50 l with the buffer provided by the manufacturer.
Primers recA-1 (5Ј-GACGAGAATAAACAGAAGGC-3Ј) and recA-2 (5Ј-TC GCCGTTATAGCTGTACC-3Ј), amplifying a 543-bp fragment of the recA gene, were designed on the basis of the DNA sequence alignment of two Vibrio cholerae sequences (GenBank accession numbers U10162 and L42384), Vibrio anguillarum (GenBank accession number M80522), and Aeromonas salmonicida (GenBank accession number U83688). A 35-cycle PCR was performed with these primers and the following thermal profile: 94°C for 60 s, 58°C for 60 s, and 72°C for 90 s.
Primers glnA-1 (5Ј-TGACCCACGCTCTATCGC-3Ј) and glnA-2 (5Ј-GCGTG TGCAACGTTGTG-3Ј), amplifying a 402-bp fragment of the glnA gene, were designed on the basis of the DNA sequence alignment of the glnA sequence of V. cholerae (GenBank accession number AF013513) and Vibrio alginolyticus (GenBank accession number L08499). These primers were used in a 35-cycle PCR with the following thermal profile: 94°C for 60 s, 52°C for 60 s, and 72°C for 60 s.
Templates for direct sequencing were prepared by a simple purification of the PCR products with the QIAquick PCR purification kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's instructions. Cycle sequencing reactions were performed in both directions with the above-described primers (recA-1-recA-2 and glnA-1-glnA-2) in total volumes of 15 l with an ABI Prism dRhodamine dye terminator Cycle Sequencing Ready Reaction Kit (dRhodamine terminator; Perkin-Elmer Applied Biosystems International Inc., Foster City, Calif.) on an ABI Prism 310 genetic analyzer (Perkin-Elmer).
Data analysis. Statistical analysis of the MLEE data was performed with a computer program designed by Whittam et al. (26, 29) and as described previously (14) . A dendrogram was constructed with the average-linkage method from a matrix of coefficients of pairwise genetic distances (26). Due to the low level of mutation, an unweighted tree-building method was preferred, because it does not emphasize single mutations.
Sequence data were analyzed and assembled by DNASTAR (1994 release; DNAstar Inc., Madison, Wis.). Genetic distances and sequence statistics (base composition, codon usage, and transition/transversion ratios) were determined with MEGA (22) . Phylogenetic trees were constructed by the neighbor-joining method (25) , and the robustness of each node was tested by bootstrap analysis (18) . Estimates of the number of nucleotide substitutions per site for the recA and glnA genes were determined by the method of Tamura and Nei (27) .
RAPD profiles were analyzed and compared by using the program GelCompar 4.1 (Comparative Analysis of Electrophoresis Patterns; Applied Maths, Kortrijk, Belgium). Trees were constructed by the unweighted pair group method using arithmetic averages.
Nucleotide sequence accession numbers. The GenBank accession numbers for the sequences reported in this paper are AF311473 to AF311600.
RESULTS

Genetic diversity observed by MLEE.
Eleven of the 15 enzymes analyzed in 62 V. vulnificus isolates were polymorphic, and four (IPO, GP1, THD, and ME) were monomorphic. The number of alleles per locus varied from 1 to 8 (FP), with an average of 3.1 ( Table 2 ). The level of genetic diversity among electrophoretic types (ETs) at each locus ranged from 0 for the monomorphic enzymes to 0.793 for CAT, with a mean value per locus of 0.281 (Table 2) . A total of 43 ETs were identified for the 62 V. vulnificus isolates.
V. diazotrophicus and L. anguillarum could be distinguished from each other and from V. vulnificus by species-specific alleles at 11 loci (Fig. 1) . Furthermore, each of the three different species exhibited a distinct electromorph for IPO, GP1, THD, and ME. Within V. vulnificus, these enzymes were monomorphic.
Genetic relationships among MLEE ETs and source of the isolates. Cluster analysis of the 43 ETs of V. vulnificus showed no significant clone associated with the clinical or environmental origin of the isolates ( Fig. 1 ; Table 1 ). The 43 ETs were separated into two major divisions (divisions ⌱ and ⌱⌱) by a distance of 0.41. ET 35 marked 10 indole-negative eel-pathogenic isolates of different geographic origins (Denmark, Japan, or Spain) ( Table 1 ). In addition, this ET included two indolenegative isolates which did not originate from diseased eels (94-8-112 from the environment in Denmark and CIP 8190 from a French patient). In contrast, three indole-positive strains isolated from diseased eels (523, 530, and 96-7-137) V. diazotrophicus (ET 44) and L. anguillarum (ET 45) were separated from each other by a genetic distance of 0.913 and were separated from V. vulnificus by a distance of 0.963. This result confirms that they are different species (Fig. 1) .
Genetic relationships inferred by RAPD. The RAPD technique, based on primer M13 (4), was applied to all 62 V. vulnificus strains, L. anguillarum, and V. diazotrophicus. A total of 28 different RAPD profiles were obtained. RAPD separated the V. vulnificus population into two divisions (divisions ⌱ and ⌱⌱). One cluster within division ⌱⌱ (profiles 2, 4, and 6) included all of the strains originating from diseased eels as well as isolates not associated with eel pathogenicity and exhibiting a positive indole reaction (Fig. 2) . Another cluster within division ⌱⌱ comprised the strains isolated in Israel. These isolates had identical RAPD profiles (profile 26) and were well differentiated from the other V. vulnificus strains. Additional minor clusters associated with geographic origin were observed: profile 23 represented four Spanish isolates, profile 17 represented two Danish isolates, and profiles 10, 11, and 19 represented two, five, and three isolates from the United States, respectively. As with MLEE, RAPD allowed a clear distinction between V. vulnificus, V. diazotrophicus (profile 27), and L. anguillarum (profile 28) (Fig. 2) .
Genetic diversity observed by recA and glnA sequences. Alignment of 543 bp of the recA gene revealed 35 nucleotide substitutions, 28 of which were shared by more than one sequence. Two nucleotide substitutions resulted in amino acid substitutions (strain 5C1326, Val154Met; strain ATCC 33149, Thr171Ile). Tamura-Nei genetic distance values (27) among V. vulnificus strains ranged from 0 to 0.046.
Alignment of 402 bp of the glnA gene revealed 32 nucleotide substitutions, 25 of which were shared by more than one sequence. Only one amino acid substitution was present (strain TW1,Gly78Arg). Tamura-Nei genetic distances ranged from 0 to 0.036.
Genetic relationships inferred by recA and glnA DNA sequence analysis. Phylogenetic analysis of the recA (Fig. 3) and glnA (Fig. 4) gene sequences also separated the V. vulnificus population into two major heterogeneous divisions (division ⌱ and ⌱⌱), which do not seem to be correlated with a particular phenotypic trait. In any case, this subdivision was supported in both trees by a bootstrap confidence level of 100%. In general, there is a low level of nucleotide substitution in both genes, within (0.1 to 2%), as well as between (3 to 4%),the two divisions. No differences in nucleotide composition and in codon usage could be identified between the divisions. Moreover, no division-specific nucleotide substitutions existed, and the positions of single strains or clones were variable in the two gene trees examined. This was particularly evident with the Israeli isolates (biotype 3), which form a cluster in division ⌱⌱ of the recA tree but belong to division ⌱ in the glnA tree ( Fig. 3  and 4) .
Even if most of the clusters within the two major divisions are not well supported by bootstrap values, our data indicate an overall subdivision of the V. vulnificus population into different biogroups. In particular, besides the cluster of the Israeli strains (biotype 3), another group could be identified. Indolenegative eel-pathogenic isolates (biotype 2) form a cluster in the recA gene tree (but are divided into two groups within division ⌱⌱ in the glnA tree). Indole-negative isolates not coming from diseased eels are always found within the biotype 2 strains in both trees. Biotype 1 strains are distributed throughout the recA and glnA phylogenies, which represents evidence of the heterogeneous nature of these isolates.
Indole-positive eel-pathogenic strains do not form a monophyletic group in either of the gene trees, and the positions of these strains are variable within division ⌱⌱. In general, the indole-positive eel-pathogenic strains do not cluster together with indole-negative eel-pathogenic isolates (the only exception is represented by the indole-positive strain 523 in the glnA tree [ Fig. 3]) .
DISCUSSION
Similarity and discrepancies between the divisions obtained by MLEE, RAPD, and sequence typing. MLEE, RAPD, and sequence typing separated the V. vulnificus population into two distinct divisions. In general, the divisions obtained by these methods were comparable, and 80% of the isolates were included in the same genetic groups. A few important exceptions were observed. Strains 523 (ET 1, profile 2) and 530 (ET 3, profile 2), isolated from diseased eels, clustered in MLEE division ⌱. In contrast, RAPD analysis and sequence typing indicated that the isolates were members of division ⌱⌱. Another significant exception was the clone which comprised the Israeli isolates (ET 2, profile 26): in the dendrogram obtained by MLEE and glnA sequencing this clone was found in division , a global representation of the genome evolution is deduced. A drawback is that variability is the consequence of the changes of the electrostatic charges on the target proteins, and hence a significant fraction of the mutations are not detected (e.g., third-codon-position mutations). In the case of V. vulnificus, we considered 15 loci, 4 of which were monomorphic, and estimated the mean genetic diversity at 0.281 per locus, a value regarded as low compared to those for other bacterial species such as V. cholerae (0.463 [6] ), Escherichia coli (0.52 [29] ), or Bacteroides fragilis (0.393 [14] ). Thus, a few mutations are sufficient to associate a V. vulnificus clone with division ⌱ instead of division ⌱⌱. Sequencing of genes encoding housekeeping enzymes also allows the inferring of phylogenetic relationships among bacteria. Obviously, this method, named multilocus sequence typing, should also consider a sufficient number of loci in order to avoid estimating the evolution of single genes and not of the whole genome. This requirement is well supported by the comparison to the MLEE-deduced dendrograms of the trees generated by sequencing the recA and glnA genes. Again, the level of discrepancies is increased by low variability in single genes. For the V. vulnificus recA and glnA genes, we found polymorphism values of 6.45 and 7.96%, respectively. For comparison, the values we determined for B. fragilis were 14.8% in the recA gene and 16.3% in the glnA gene (15) .
Dendrograms generated by RAPD are even more difficult to interpret and compare to MLEE or multilocus sequence typing trees, since in the case of the former, variability between strains depends not only on the evolution of the sequences corresponding to the primers used but also on genome rearrangements, which are due mainly to the presence of insertion sequences or short sequence repeats.
In conclusion, our data emphasize that comparison of trees obtained by different methods should always be done with caution. In our case and under our conditions, we estimate that the MLEE data obtained by the analysis of 15 housekeeping enzyme loci are probably the most representative of the structure of the V. vulnificus population.
One major clone represented most eel-pathogenic isolates. As a consequence of the isolation of various atypical strains, a debate has emerged concerning whether or not eel-pathogenic isolates constitute a distinct biogroup or serogroup (biotype 2 or serovar E) (8, 18, 19) . The atypical strains have phenotypic and genetic characteristics different from those of the majority of eel-pathogenic isolates (8, 18) . In general, despite low variability, all of the approaches (MLEE, RAPD, and sequence typing) indicated that indole-negative eel-pathogenic strains isolated from different geographic regions tend to cluster as a separate genotype (ET 35) ( Fig. 1 to 4) . Hence, our data provide additional evidence for the existence of a distinct genetic subgroup associated with disease in eels. Indole-positive eel-pathogenic strains (523, 530, and 96-7-137, marked by MLEE ETs 1, 3, and 30, respectively) do not form a monophyletic group, and the individual positions of these strains are variable in each phylogeny constructed. In addition, the indolepositive eel-pathogenic strains rarely cluster together with the indole-negative eel-pathogenic isolates. Therefore, the designation serovar E is not well supported by the phylogenetic data presented in this study. The possibility that both eel-pathogenic and nonpathogenic strains coexist in the same animal and that isolates marked by ETs 1 (strain 523), 3 (strain 530), and 30 (strain 96-7-137), although grown from diseased eels, may be nonpathogenic has not received support. Indeed, a virulence test on healthy eels confirmed the pathogenicity of isolate 530 (8) . Alternatively, isolates of ETs 1, 3, and 30 might have acquired, by horizontal transfer from ET 35 strains, a set of genes conferring virulence to the recipient host. The majority of biotype 2 strains (ET 35), but not biotype 1 isolates, harbor high-molecular-weight plasmids (7, 8) . Interestingly, isolate 96-7-137 has been shown to have a plasmid profile similar to those of pathogenic strains (12) .
Geographic distribution of genotypes. All of the methods we used indicated that the Israeli isolates (ET 2) were clearly distinct from all of the other V. vulnificus isolates (Fig. 1 to 4) , supporting the existence of a new biotype in Israel (biotype 3 [10] ). This clone might have emerged and evolved independently due to geographic isolation. Alternatively, and more likely, the association with Tilapia spp. (all patients were infected while cleaning this fish) might suggest that ET 2 has evolved as a distinct genotype due to niche separation. The isolation of eel-pathogenic strains of the same genotype (ET 35) from diverse geographic regions provides further support for the view that interaction with a particular host has influenced the evolution of V. vulnificus.
With the exception of the Israeli clone, only a few minor ETs representing more than one isolate of the same geographical origin were observed. Thus, geographical isolation does not seem to play a major role in the evolution of V. vulnificus.
Interestingly, isolates of ET 35 appear to be absent from North America. This is likely explained by the absence of eel farming in the United States. The expansion of ET 35 might be hindered in the absence of large eel monocultures. Alternatively, for some unknown reasons, ET 35 strains do not survive in the North America environment.
In conclusion, existing biotype and biogroup designations did not always correlate with the phylogenies generated by MLEE, recA and glnA gene sequence analysis, and RAPD analysis. Strains from biotype 1 are distributed throughout the phylogenetic trees, and in general indole-negative strains are separated from indole-positive isolates. From a phylogenetic point of view, the designation biotype 2 should not be limited to the indole-negative isolates originating from diseased eels. In addition, the designation serovar E, which presently includes biotype 2 strains as well as other eel-pathogenic isolates, is not supported by our data. Finally, the Israeli isolates (biotype 3) form a cluster in all trees. A reevaluation of the present criteria defining biogroups, taking into consideration new phenotypic, serological, and genetic data, is greatly needed.
